Genes induced by estrogens in the mammalian forebrain influence a variety of neural functions. Among them, reproductive behavior mechanisms are very well understood. Their functional genomics provide a theoretical paradigm for linking genes to neural circuits to behavior. We propose that estrogen-induced genes are organized in modules: Growth of hypothalamic neurons; Amplification of the estrogen effect by progesterone; Preparative behaviors; Permissive actions on sex behavior circuitry; and Synchronization of mating behavior with ovulation. These modules may represent mechanistic routes for CNS management of successful reproduction. Moreover, new microarray results add estrogen-dependent genes, including some expressed in glia, suggesting possible hormone-dependent neuronal/ glial coordination. Molecular Psychiatry (2004) 9, 550-556. doi:10.1038/sj.mp.4001493
Sexual behaviors are important for psychiatry. Not only hypersexual disorders but also concerns about lack of sexual desire are prominent, internationally, in the psychiatric landscape. Further, in some traditions of psychiatric theory, sexual problems are held to be at the root of apparently unrelated syndromes. Finally, biological thought has held that sexual affiliations provide the bauplan, the structural precedent, for a wide variety of other social relations, both normal or abnormal. Fortunately, the molecular analysis of stereotyped sexual behaviors has benefited greatly from several strategic advantages: Even in mammals, simple stimuli and responses permit neural net analysis. Steroid hormones acting through nuclear receptors which are transcription factors invoke regulated gene expression, for example, in hypothalamic neurons. 1 In turn, these neurons control mating behavior circuits.
Drawing hormone-regulated gene expression into the explanation of mammalian sex behavior has proceeded rapidly. Here we theoretically propose a gene network-really, a micronet-downstream of estrogen action in the forebrain responsible for courtship and lordosis behavior in females. Not a massive review of the literature or an original data report, this paper comprises an attempt to draw different transcriptional systems into a new theoretical formulation. These efforts to explain hormone-driven behaviors have benefited from Rosenfeld's example of genetic network control over pituitary gland development. 2 Both direct and indirect causal routes are depicted below.
Causal routes, downstream from genomic action; a modular system emergent The primary sex behavior of female quadrupeds, lordosis, depends on defined physical signals: cutaneous stimuli and estrogens þ progestins 1 (E þ P). The neural circuit has been worked out; estrogen-dependent transcription in ventromedial hypothalamic cells allows permissive signals to the midbrain central gray, thus enabling the rest of the circuit. In the absence of fear or anxiety-provoking conditions, females under the influence of E þ P will demonstrate courtship and then mating behaviors. During the normal female cycle, these behavioral components of reproduction are synchronized with ovulation. Thus, with the mediation of E and P, the neural, behavioral, and endocrine preparations for reproduction are harmonized.
Since (a) the hormone receptors discovered in neurons turned out to be transcription factors, (b) mating behaviors follow E administration by more than 18 h, and (c) inhibitors of RNA and protein synthesis disrupt the estrogen effect, it was natural to look for genes whose induction comprised important mechanisms for the behavioral facilitation. The gene/ neuronal and gene/glial modules found so far are listed below.
Throughout these studies, we compare two extremely similar transcription factors, estrogen receptors (ERs) a vs b. Likely gene duplication products, both have high affinity for estradiol and for genomic estrogen response elements (EREs) in vertebrate gene promoters. [3] [4] [5] [6] Yet, they have distinctly different neuroanatomical patterns of expression 7 and different functional consequences.
All of the genetic systems discussed below have the character that estrogen treatment turns them on in vivo; and that they participate in facilitating estrogendependent female reproductive behaviors (Figure 1 ).
Direct effects, from gene induction to neural circuit to behavioral change Hormone effects on neurotransmitter receptors in ventromedial hypothalamic neurons directly trigger the rest of the lordosis circuit to operate.
Noradrenergic a-1b receptors are induced 8 in vivo in female rats by estrogen treatment in ventromedial hypothalamic (VMH) cells which govern the rest of the lordosis behavior circuit. 9, 10 Noradrenergic (NA) ascending afferents synapse on VMH neurons, coming in from the ventral noradrenergic bundle, which originates in arousal-related neuronal groups A1 and A2, and signals heightened arousal upon stimulation from the male. In biophysical studies, directly applied NA increases the electrical activity of VMH neurons. 9 Beginning with Gq or G11 proteins activating phospholipase C, NA action will produce both diacylglycerol, a PKC activator, and inositol-3-phosphate, which mobilizes intracellular calcium. This signal transduction route is predicted to lead to Ltype calcium channel opening as in the heart, but this needs to be established. The induction of a-1b receptors by estrogen treatment is consistent with the greater electrophysiological effectiveness of NA following estrogen, but the detailed step-by-step transduction route to the channel now provides a timely subject for analysis. Since these VMH neurons are at the top of the lordosis behavior circuit, the NA effect fosters reproductive behavior.
Muscarinic receptors responding to the neurotransmitter acetylcholine are also expressed in VMH neurons. 11 Estrogen treatment increases their activities as determined electrophysiologically. Inputs to VMH neurons come from, among other places, the lateral dorsal nucleus of the tegmentum. Neurons there are part of the ascending arousal pathways, and would signal stimulation from the male upon mounting the female. We note that the apparent redundancy between ascending noradrenergic and muscarinic cholinergic afferents to the hypothalamus helps to guarantee that the system will not fail, and so exemplifies a characteristic design prominent in brainstem arousal system neurobiology. In any case, inducing muscarinic receptors increases the VMH cellular electrophysiological response to acetylcholine. Whether the estrogen effect employs a membrane receptor, a signal transduction mechanism or a classical genomic facilitation is not yet known. However, it is known that the enhanced VMH neuronal output primes lower pathways in the circuit for lordosis behavior. 12 Indirect effects, from gene induction to downstream genes to behavioral change Some hormone effects occur early, long before the onset of reproductive behaviors, and set the stage for later developments.
Neuronal growth Growth promotion by estrogens in VMH neurons, in female rats, follows from the stimulation of synthesis of ribosomal RNA, which Figure 1 Genes and systems downstream from estrogen-facilitated transcription. All of these systems foster female reproductive behavior. Along the causal routes, ERa-dependent inductions are signaled in red, ERb-dependent in blue. Functional consequences are in green. Time reads from left to right: early-induced genes to the left, later to the right. Further, in some cases, estrogens induce both the mRNA for a ligand and for its cognate receptor. These cases are indicated by 'X'. **designates an ER-a/b micronet illustrated in Figure 2 . E2, estradiol; ER, estrogen receptor; rRNA, ribosomal RNA; PR, progesterone receptor; Enk, enkephalin, an opioid peptide; NE, norepinephrine; ACH, acetylcholine; GnRH, gonadotropin-releasing hormone (synonym, LHRH).
precedes the elaboration of dendrites and synapses on VMH neurons observed after hormonal treatment. The earliest estrogen effect is the increase of transcription of ribosomal RNA, 13 followed rapidly by morphological effects, including those in the nucleolus itself 14 and a striking elaboration of rough endoplasmic reticulum in the cytoplasm. 15 Catherine Woolley 16 and her colleagues have shown, probably consequent to the phenomena above, a stimulatory effect of estrogen treatment on dendritic growth. In the female rat hypothalamus, Maya Frankfurt 17 and Lori Flanagan 18, 19 have reported that estrogens foster dendritic growth and an increased number of synapses. 20 Therefore, in VMH cells which control lordosis behavior circuitry, estrogens apparently provide the structural basis for increased synaptic activity and, therefore, greater sex-behavior-facilitating output. While the greater signaling capacity of these VMH cells thus proposed is consistent with the actual electrophysiological activity of such cells following estrogen treatment, the causal relation of structure to function still needs direct proof.
Amplification by progesterone Administration of progesterone 24 or 48 h after estrogen priming greatly amplifies the effect of E on mating behavior. This effect requires the nuclear progesterone receptor (PR), as it disappears after antisense DNA against PR mRNA has been administered onto VMH neurons. [21] [22] [23] It also disappears in PR knockout mice. 24 Since PR, itself, is a transcription factor, it is induction by E might imply that certain downstream genes would, consequently, be upregulated. With molecular probes directed to specific genes, studied primarily in female rats, several of them have been revealed as upregulated by progesterone: these include neuropeptide Y receptor, 25 34 and tyrosine hydroxylase. 35, 36 The manners in which these particular downstream genes contribute to reproductive behaviors will be exciting to explore.
GnRH The physiological importance of estrogenic elevation of gonadotropin-releasing hormone (GnRH, LHRH) mRNA levels under positive feedback conditions-as well as elevation of the receptor mRNA for GnRH-would be to synchronize reproductive behavior with the ovulatory surge of luteinizing hormone (LH). The same GnRH decapeptide which stimulates the ovulatory release of gonadotropins also facilitates mating behavior. 37, 38 In many small animals, synchrony of sex behavior with ovulation would be biologically adaptive because it eliminates unnecessary exposure to predation. In this respect, the behavioral effect of this neuropeptide is consonant with its peripheral physiological action.
GnRH also brings up the unusual case of an individual gene causally related to a human social behavior. During development in vertebrates ranging from fish to humans, GnRH neurons migrate from their birth place in the olfactory placode into the brain. 39 A human with damage at the Kallmann's Syndrome 40 locus on the X chromosome did not fail to express the GnRH gene in the appropriate neurons. Instead, the neurons failed to migrate out of the olfactory placode. 41 A single gene for the Kall protein 42, 43 accounts for the deficit. It is for an extracellular matrix protein which is necessary for the GnRH neuronal migration and which, in fact, decorates the migration route. 44 A striking feature of the phenotype in men is important to note. They have no libido. Here is the causal route. The men have no sexual drive because they have little testosterone because they have little LH and FSH circulating from the pituitary gland, because no GNRH is coming down the portal circulation to the pituitary from the hypothalamus because there is no GnRH in the hypothalamus, because the GnRH neurons did not migrate during development into the brain, because of a mutation in the gene for the Kall protein. Therefore, we can causally connect, step-by-step, an individual gene to an important human social behavior, but at least six causal links are required. This causal route illustrates the complexity of gene/ behavior relationships in humans.
Indirect effects, from gene induction to intermediate behaviors Some of the genes affected by estrogens work by altering other behaviors which then prepare the animal for the behavior in question, in this case mating.
Analgesia The enkephalin gene is turned on rapidly, in female mouse and rat hypothalamic neurons, by estrogens, [45] [46] [47] within about 30 min, and this is proven by in vitro transcription assays to represent a hormone-facilitated transcriptional facilitation. 48 The route of action upon lordosis, of the enkephalin gene product, would theoretically be indirect, through other behaviors. That is, we propose that, through the reduction of pain, enkephalins help to allow the female to engage in mating behavior despite the mauling she receives from the male. The strong somatosensory and interoceptive stimuli which ordinarily would be treated by the female as noxious are now tolerable and allow successful mating to proceed. 49 Hypothetically, the ability of estrogens to turn on genes for opioid receptors as well 50 has the potential of multiplying the hormone's effect on mating behavior sequences. Specificity among opioid receptors, as well as neuroanatomical site specificity, is observed in this course of action. [51] [52] [53] [54] The indirect route of action of this multiplicative set of gene inductions is likely to allow the female to participate in sex behavior sequences.
Anxiety reduction
The oxytocin gene and the gene for its receptor are both expressed by hypothalamic neurons at higher levels in the presence of estrogens. The indirect route of action of this multiplicative set of gene inductions, on mating behavior, is likely through a behavioral link: anxiety reduction allows courtship and mating. This proposal is consistent with previous formulations: oxytocin has been conceived as protecting instinctive behaviors connected with reproduction, maternity and other social behaviors from the disruptive effects of stress. 55 Indeed, oxytocin has an anxiolytic action in the presence of estrogens (which presumably elevate the oxytocin receptor gene product). 56 Social recognition and aggression The induction of the oxytocin gene by estrogens is an ER-b dependent, 57 behaviorally significant 58 phenomenon. This makes sense, since only ER-b gene expression is found in oxytocinergic cells. 7 In turn, oxytocinergic projections to the amygdala are thought to be important for social recognition in mice, which helps to prevent aggression. [59] [60] [61] Thus, the lack of social recognition by ER-b knockout mice 62 could explain the hyperaggressiveness displayed by ER-b knockout male mice. 63 Altogether, these data invoke the idea of a four-gene micronet important for social behaviors (Figure 2) .
Microarray results implicate glial-expressed genes
Among microarray studies of genes influenced by estrogens in certain mouse forebrain structures, one result so far has yielded significant implications: Prostaglandin D synthase (PGDS) transcripts were dramatically suppressed by estradiol in the preoptic area. 72 Microarray results have been confirmed by Northern blot analysis and by in situ hybridization histochemistry. PGDS is a non-neuronal enzyme, 64 significantly involved in sleep. 73 Its suppression in a POA cell group which fosters sleep leads to heightened arousal. Female mice microinjected in the preoptic area with a novel antisense moiety, 'locked nucleic acids', 74 showed heightened arousal following controlled application of sensory stimuli (Mong et al, 2003 in press ). This result is consistent with heightened estrogen-dependent locomotor behaviors which are components of estrogen-facilitated courtship responses.
Glutamine synthase (GS), also identified by microarray screens, is induced by estradiol treatment in basomedial hypothalamic tissue 75 (and Mong et al, ms. in preparation). Again, the microarray results have been confirmed by Northern blot analysis and in situ hybridization methods. This mRNA is intriguing because glutamine synthase is a glial enzyme involved in glutamate metabolism. In turn, a receptor for the neurotransmitter glutamate is the NMDA-2D receptor. This receptor is expressed in hypothalamic neurons which also express ER-a mRNA 76 and in fact is induced by E at the transcriptional level. 77 Together with the PGDS results, these GS data suggest hormone-facilitated glia/neuronal functional units.
Therefore, a new view of relations between hypothalamic glia and neurons offers the possibility that, under the influence of sex hormones, they participate together in some cooperative fashion to direct sex behavior (Figure 3 ). There are precedents in the growing field of work on neuroendocrine/glial mechanisms. During development, glial cells appear to participate in sexual differentiation of the brain. 82, 83 In adulthood, the withdrawal of a glial sheath covering magnocellular neurons in the hypothalamus, like removing the graphite rods from a nuclear reactor, is associated with increased excitability of such neuronal systems. . These comprise part of the larger set of causal routes summarised in Figure 1 . Estradiol (E) produced in the ovaries and circulating in the bloodstream is bound by ER-b 65 in paraventricular hypothalmic (PVN) neurons. 7 Many of these PVN neurons express oxytocin (OT). Oxytocin production is thereby increased. Axons carrying oxytocin project to the amygdala. 66 In neurons of the amydala, estradiol is bound by cells expressing ER-a. As a result, mRNA and functional protein levels of the oxytocin receptor (OT R ) are increased. 67 The medial and cortical nuclei of the amygdala receive pheromonal inputs from the vomeronasal system. 68 Such inputs are crucial for directing neuroendocrine events and social behavior. [69] [70] [71] Oxytocinergic action there enhances social recognition among mice. [59] [60] [61] For mice, this permits reproduction and reduces aggression.
Orchestrated genomic responses to hormones (GAPPS)
From this series of individual gene inductions by estrogens acting in the basal forebrain, and the recounting (above) of downstream genes and their physiological routes of action, there emerges a theoretical molecular 'formula' (cf. [85] [86] [87] ) which appears to account for some of the causal relations between sex hormones and female sex behaviors. First, there is a hormone-dependent Growth response, which permits hormone-facilitated, behavior-directing hypothalamic neurons a greater range of input/ output connections and, thus, physiological power. Secondly, progesterone can amplify the estrogen effect, in part through the downstream genes listed above. Then, through indirect behavioral means-the reduction of anxiety and a partial analgesia-the female as an organism is prepared for engaging in reproductive behavior sequences. Here, the genes for oxytocin (and its receptor) as well as the genes for the opioid peptide enkephalin (and its receptors) are important. Next, neurotransmitter receptor induction by estradiol permits the neural circuit for lordosis behavior to be activated. The noradrenalin a-1 receptor and the muscarinic acetylcholine receptors are key here, in the ventromedial nucleus of the hypothalamus. Finally, induction of the decapeptide which triggers ovulation, GnRH as well as its cognate receptor, acts to synchronise mating behavior with ovulation in a biologically adaptive fashion.
This theoretical formulation is intended to tie together disparate results from several transcriptional systems into one set of modules. Even so, the genomic mechanisms uncovered so far probably represent only a subset of the full range of neurochemical steps underlying sex behaviors. estrogen is bound by ER-a in ventromedial hypothalamic (vlVMH) neurons. Some of these neurons affect neighboring glia (astrocytes) to increase the expression of glutamine synthetase (GS). E can also affect glia directly (dotted line). When glutamine is fed back to VMH neurons, those expressing glutaminase produce glutamate as a transmitter. [78] [79] [80] [81] ER-a containing VMH neurons also express NMDA-2D receptors, 76 which are turned on by E through transcriptional facilitation. 77 Thus, local glutamate projections to these neurons produces a local positive feedback route, which could phasically heighten VMH neuronal excitability. The proposed local positive feedback cycle triggered by the estrogen signal takes graduated fluctuations and turns them into switches with high signal-to-noise ratios. In turn, these local 'explosions' are controlled. The ability of the astroglia to soak up glutamate restricts activity. Damage is prevented.
